Abstract. Plants store nonstructural carbohydrates (NSCs), such as sugars and starch, to use as carbon and energy sources for daily maintenance and growth needs as well as during times of stress. Allocation of NSCs to storage provides an important physiological strategy associated with future growth and survival, and thus understanding the seasonal patterns of NSC reserves provides insight into how species with different traits (e.g., growth form, leaf habit, wood anatomy) may respond to stress. We characterized the seasonal patterns of NSCs in four woody boreal plant species in Minnesota, USA. Sugar and starch concentrations were measured across the year in the roots and branches of two conifer trees, black spruce (Picea mariana (Mill.) B.S.P.) and eastern tamarack (Larix laricina (Du Roi) K. Koch), as well as in the leaves and branches of two evergreen broadleaf shrubs, bog Labrador tea (Rhododendron groenlandicum (Oeder) Kron & Judd) and leatherleaf (Chamaedaphne calyculata (L.) Moench). In general, seasonal variation was dominated by changes in starch across all organs and species. While similar seasonal patterns of NSCs were observed in the shrubs, different seasonal patterns were observed between the trees, particularly in the roots. Our results suggest that species-specific traits likely have consequences for organ-level storage dynamics, which may influence whole-plant growth and survival under global change.
satisfied by a single day's carbon gain in some cold-dwelling species (Körner 1998). Our current knowledge of allocation and storage processes in the boreal zone comes largely from shrub species (Reader 1978 , Landhäusser and Lieffers 1997 , Zasada et al. 1994 , with less work focusing on mature trees (Landhäusser and Lieffers 2003; Klõšeiko et al. 2006) . Findings from boreal plant species (Whitney 1982 , Zasada et al. 1994 , Landhäusser and Lieffers 1997 indicate dynamic root reserves, with concentrations often peaking between late summer and the dormant season. But we still lack an understanding of how storage differs throughout the year between boreal species and whether the same seasonal patterns hold in both below-and aboveground organs.
To establish seasonal patterns of NSCs and improve our understanding of storage processes in woody boreal species, we studied the mature conifer trees, the evergreen Picea mariana (Mill.) B.S.P. (black spruce) and the deciduous Larix laricina (Du Roi) K. Koch (eastern tamarack), as well as the evergreen broadleaf shrubs Rhododendron groenlandicum (Oeder) Kron & Judd (bog Labrador tea) and Chamaedaphne calyculata (L.) Moench (leatherleaf) in the Marcell Experimental Forest (Minnesota, USA). We selected samples that were collected at four time points in 2013 and then measured the concentrations of sugars and starch in roots and branches in the tree species and leaves and branches in the shrub species.
We addressed two questions. First, do NSC concentrations change throughout the year? Second, are the seasonal patterns different for each species? We hypothesized that (a) total NSCs will vary throughout the year with different seasonal patterns for sugars and starch; (b) seasonal dynamics of NSCs will be similar between the two evergreen shrub species but dissimilar between the two trees, which have different leaf habits; and (c) maximum total NSC accumulation will occur in the early summer for the evergreen species and in the fall for the deciduous species. Our results provide insight into how boreal species distribute NSCs to various organs throughout the year, which may have implications for whole-plant growth and survival in the context of global change.
Materials and Methods. STUDY SITE AND SPECIES. We obtained samples from an 8.1-ha Picea-Sphagnum ombrotrophic bog (S1 bog) (47830.5 0 N, 93827.2 0 W) within the Marcell Experimental Forest about 40 km north of Grand Rapids, MN, USA. The mean annual temperature is 3.3 8C, and mean annual precipitation is 780 mm, with two-thirds falling as rain in the summer and onethird falling as snow in the winter. The S1 bog is an acidic and nutrient-deficient peatland. Its surface has a hummock-hollow microtopography with a layer of various Sphagnum moss species (Kolka et al. 2011) . Following silvicultural strip cuts in 1969 and 1974, the S1 bog naturally regenerated a mixed-age forest dominated by black spruce, eastern tamarack, bog Labrador tea, and leatherleaf. Both black spruce and eastern tamarack are conifers; the former is evergreen, and the latter is deciduous. While the shrubs are evergreen, leaves persist for only two growing seasons; they usually last throughout the first winter but drop during the summer and autumn of the second year (Lems 1956 , Tendland et al. 2012 .
FIELD COLLECTION. For black spruce and eastern tamarack, coarse roots with developed secondary xylem as well as multiyear (1-2 yr) woody branch samples were collected from mature trees approximately 5-8 m tall. For bog Labrador tea and leatherleaf, current-year leaves (2013) and multiyear (1-2 yr) woody branch samples were collected. Branch samples included phloem for NSC analyses. We selected our samples from organs that were previously collected for a different purpose during 2013 field campaigns at the Marcell Experimental Forest. Thus, the individual plants used in this study may vary from month to month for each species (Table S1 ).
LABORATORY PREPARATIONS AND NONSTRUCTURAL CARBOHYDRATE ANALYSIS. Samples were microwaved for 90 sec (full effect) to stop enzymatic activity, oven-dried at 70 8C, and homogenized to a fine powder (SPEX SamplePrep 1600 MiniG, Metuchen, NJ). To measure sugar and starch concentrations (adapted from Chow and Landhäusser 2004) , 10 mg of freeze-dried tissue (FreeZone 2.5, Labconco, Kansas City, MO; Hybrid Vacuum Pump, Vacuubrand, Wertheim, Germany) was extracted with 80% ethanol followed by colorimetric analysis with phenolsulfuric acid to determine bulk sugar concentrations. The resulting bulk sugar extract was read at 490 nm with a microplate reader (Epoch Microplate Spectrophotometer, Bio-Tek Instruments, Winooski, VT). Bulk sugar concentrations (ex-pressed as mg sugar per g dry wood) were calculated from a 1:1:1 glucose:fructose:galactose (Sigma Chemicals, St. Louis, MO) standard curve.
The remaining tissue residue was solubilized and then digested with an a-amylase/amyloglucosidase digestive enzyme solution to determine starch concentrations. Glucose hydrolysate was determined using a PGO-color reagent solution (Sigma Chemicals) and read at 525 nm with the microplate reader. Starch concentrations (expressed as mg starch per g dry wood) were calculated based on a glucose (Sigma Chemicals) standard curve. Uncertainty of NSC measurements is addressed in Methods S1.
Data from this project are available for download and public use . In Figs STATISTICAL ANALYSIS. To compare NSC storage between the two tree species, we used a two-way analysis of variance (ANOVA) to individually analyze sugar, starch, and total NSC (sum of sugars and starch) concentrations in roots among sampling months and species. Root diameter was not included as a covariate in our analyses based on its weak association with NSC concentrations (Fig. S1 ). For the two shrub species whose extremely fine root systems are unlikely to provide much NSC storage, the same analyses were Error bars denote 6 1 SE of the mean. In some cases, the error is smaller than the size of the symbol.
conducted but using the NSC concentrations in leaves instead of roots.
To compare NSC storage between the four species, we used a two-way ANOVA to individually analyze sugar, starch, and total NSC concentrations in branches among sampling months and species. Woody branch samples were the common organ collected across both trees and shrubs. This study precludes a repeated measures approach, and ANOVA results are presented in Table 1 . For significant ANOVAs, differences between pairs of means were evaluated using Tukey's HSD, a ¼ 0.05. For significant interaction effects (month 3 species), concentrations in individual organs were assessed across sampling months for each species (Table S2) .
Results. Overall, sugar and total NSC concentrations did not significantly vary throughout the year in tree roots, shrub leaves, or the branches of trees and shrubs, whereas starch concentrations were seasonally dynamic for all.
SEASONAL PATTERNS OF NSC RESERVES IN TREES:
BLACK SPRUCE AND EASTERN TAMARACK. Starch but not sugar concentrations in the roots significantly varied throughout the year and differed between black spruce and eastern tamarack (Fig. 1A, B) . Variation in root sugar concentrations was not well explained by either factor (F 7,57 ¼ 0.78, R 2 ¼ 0.09, P ¼ 0.61; month, P ¼ 0.99; species, P ¼ 0.09; Table  1A ). Sampling month explained much of the variation in root starch concentrations (F 7,57 ¼ 6.48, R 2 ¼ 0.44, P , 0.0001; month, P , 0.01; species, P ¼ 0.049; Table 1A ). However, the effect of sampling month on starch concentrations depended on species (interaction P , 0.0001; Table 1A ). In general, concentrations of starch in the roots were higher in eastern tamarack than black spruce and peaked later in September as opposed to June for each species, respectively (Table S2) . When eastern tamarack's root starch concentrations peaked in September, they were 28 times greater than black spruce's at the same time, as well as two times greater than black spruce's FIG. 2. Seasonal dynamics of (A) sugar, (B) starch, and (C) total NSC concentrations in branches from black spruce, eastern tamarack, bog Labrador tea, and leatherleaf sampled at the Marcell Experimental Forest in 2013. Symbols mark the start of the following phenological events: leaf out (X), flowering (asterisk), leaf fall (open circle). Error bars denote 6 1 SE of the mean. In some cases, the error is smaller than the size of the symbol. Table 1 . Results of analysis of variance testing for main effects of sampling month, species, and their interaction on sugar, starch, and total concentrations for roots from two tree species, leaves from two shrub species, and branches from all four species. P value is the level of statistical significance based on an F test, with bold type indicating results significant at P 0.05. (Fig. 1B) . Additionally, total NSC concentrations in the roots differed between tree species (P ¼ 0.01) but were not seasonally dynamic (P ¼ 0.20; Table 1A ).
SEASONAL PATTERNS OF NSC RESERVES IN SHRUBS: BOG LABRADOR TEA AND LEATHERLEAF. Starch but not sugar concentrations in the leaves varied throughout the year, and the seasonal dynamics were similar for bog Labrador tea and leatherleaf (Fig. 1D, E) . Sampling month and species explained some of the variation in sugar (F 7,31 ¼ 1.76, R 2 ¼ 0.28, P ¼ 0.13; month, P ¼ 0.21; species, P ¼ 0.02) and starch concentrations (F 7,31 ¼ 1.88, R 2 ¼ 0.30, P ¼ 0.11; month, P ¼ 0.01; species, P ¼ 0.80; Table 1B ). There was a general trend of increasing sugar concentrations from September to November (Fig. 1D) , while starch concentrations peaked in June and declined onward (Tukey's HSD, September-June P ¼ 0.05, November-June P ¼ 0.01; Fig. 1E ). Total concentrations in the leaves were higher in leatherleaf than bog Labrador tea (Tukey's HSD, P ¼ 0.03), and, much like the roots of our tree species, total NSC concentrations were not seasonally dynamic (P ¼ 0.30; Table 1C ). However, the effect of sampling month on starch concentrations depended on species (interaction P , 0.01; Table 1C ). Branch sugar concentrations did not vary throughout the year and did not differ between black spruce and eastern tamarack (Tukey's HSD, P ¼ 0.80) or between bog Labrador tea and leatherleaf (Tukey's HSD, P ¼ 0.88) but did differ between all shrub-tree species combinations (Tukey's HSD, bog Labrador tea-black spruce, P , 0.001; leatherleaf-black spruce, P , 0.01; bog Labrador tea-eastern tamarack, P , 0.01, leatherleaf-eastern tamarack, P ¼ 0.04; Fig. 2A ). In contrast, branch starch concentrations generally varied throughout the year with evergreen species peaking in June and deciduous eastern tamarack peaking in September ( Fig. 2B ; Table S2 ).
We did not find dynamic changes in total NSC concentrations in the branches of our four species. While some variation in total NSCs existed, it cannot be fully explained by sampling month and species (F 15,35 ¼ 1.51, R 2 ¼ 0.40, P ¼ 0.15; month, P ¼ 0.96; species, P , 0.01; Table 1C ). Similar to branch sugar concentrations, total NSC concentrations did not differ between either tree species (Tukey's HSD, P ¼ 0.98) or between either shrub species (Tukey's HSD, P ¼ 0.97) but did differ between all shrub-tree species combinations (Tukey's HSD, bog Labrador tea-black spruce, P ¼ 0.02; leatherleaf-black spruce, P ¼ 0.04; bog Labrador tea-eastern tamarack, P ¼ 0.03, leatherleaf-eastern tamarack, P ¼ 0.07; Fig. 2C ).
Discussion. SEASONAL PATTERNS OF NSC RE-SERVES IN TREES: BLACK SPRUCE AND EASTERN
TAMARACK. Whereas in deciduous tree species new growth in the spring is supported by NSCs in overwintering organs, evergreen species can begin photosynthesizing immediately using the previous year's foliage; the ability to photosynthesize immediately diminishes the need to draw on stored reserves and influences NSC dynamics (Wyka and Oleksyn 2014, Jensen et al. 2015) . The observed seasonal patterns of starch in the two trees, black spruce and eastern tamarack, were dynamic in the roots and were unique for each species, possibly reflecting differences in leaf habit as outlined above, as well as contributions by other seasonally dynamic processes, such as secondary root or fine root production (Iversen et al. 2018) . While future root sampling should include larger sample sizes to better represent the population and resolve dynamics, the data we present are still valuable, as seasonal NSC dynamics for roots are less reported.
At the start of the growing season, we observed differences in storage dynamics in the roots between the trees. As starch concentrations rapidly increased and peaked in June for black spruce, an evergreen conifer, concentrations gradually increased and did not peak until the autumn for eastern tamarack, a deciduous conifer. The large and relatively quick increase in starch reserves for black spruce may be attributed to its ability to photosynthesize immediately with older needles before new shoot, stem, and root growth begins, whereas starch reserves gradually increased over the growing season in eastern tamarack as demands slow.
Toward the end of the growing season, total NSC concentrations of roots in September were nearly six times larger in eastern tamarack than in black spruce. This is in agreement with higher storage requirements for deciduous species compared to evergreen species prior to the dormant season due to their annual leaf drop and regrowth (Dickson 1989) . After this point, starch root concentrations declined in eastern tamarack; this decline prior to the dormant season is likely associated with root growth. As a future warmer climate may threaten to lower the water table and stress the root system in these environments, it will be important to link root phenology with NSC dynamics going forward in order to better predict species' resiliency in bog ecosystems.
SEASONAL PATTERNS OF NSC RESERVES IN SHRUBS:
BOG LABRADOR TEA AND LEATHERLEAF. Bog Labrador tea and leatherleaf have the same growth form (shrub) and leaf habit (evergreen). Thus, similar seasonal patterns may be expected in both species if such traits are drivers of allocation. In both species, leaf starch concentrations peaked in June and declined onward. Previous studies have shown a buildup of starch in foliage and branches before bud burst (Oleksyn et al. 2000, Bansal and Germino 2009) , and remobilization of these reserves to build new tissues (Cerasoli et al. 2004) . Declines in both species occurred postflowering, a similarly expensive phenological stage that has been followed by degradation of starch in the leaves and/or branches for several months in other plant species (Zieslin et al. 1975 , Sanz et al. 1987 , Hagidimitriou and Roper 1994 , Monerri et al. 2011 .
Furthermore, the highest sugar concentrations for both shrub species were measured in the leaves. This finding is in line with previous studies that examined storage in boreal species (compiled in Martínez-Vilalta et al. 2016) as well as with the role that sugars play in osmoregulation and phloem loading (Chaves et al. 2003 , Sala et al. 2012 , Savage et al. 2016 . Additionally, sugar and total NSC concentrations were highest in November for both species. Accumulation of NSCs in evergreen shrub leaves prior to the dormant season may be particularly important for frost tolerance and springtime growth of species in environments that experience extreme winter temperatures (Ino et al. 2003 , Palacio et al. 2007 . SEASONAL PATTERNS OF NSC RESERVES IN TREES AND SHRUBS. Branches were the common organ sampled across the four species and can provide insight into storage differences between trees and shrubs. Just like we observed for starch in the tree roots and shrub leaves, starch in the branches was seasonally dynamic, generally peaking earlier in June for evergreen species compared to September for deciduous eastern tamarack. While branch sugar and total concentrations did not significantly vary throughout the year, there were storage differences between trees and shrubs. Concentrations of sugars and total NSCs in the branches were higher in each tree species than each shrub species but similar among themselves.
These findings suggest that growth form (i.e., tree vs. shrub) may influence NSC storage, at least in the branches. However, this does not hold true when looking across multiple organs. For example, while leaf NSC concentrations were often similar among the shrubs, root NSC concentrations were not similar among the trees. Thus, organ level NSC storage is likely influenced by many potentially confounding factors, including growth form, leaf habit, and wood anatomy, to name a few. Including a deciduous shrub species in future comparisons may help to tease apart their contributions.
Additionally, the timing of maximum accumulation of total NSCs was inconsistent between organs and species. For instance, we hypothesized that maximum total NSC accumulation for the deciduous conifer would occur in the fall; this held true in the roots but not in the branches of eastern tamarack. We also hypothesized that maximum total NSC accumulation for the three evergreen species would occur in the early summer; this was observed only in the roots of black spruce. The different maximum total NSC storage times observed for individual organs imply a role for within-plant allocation of reserves throughout the year, and species-specific traits, again, influence these dynamics.
Further, previous studies have identified total NSC concentrations that are only weakly seasonal in several tree species (Hoch et al. 2003 , Würth et al. 2005 , implying that the trees examined were fully charged with carbon and that carbon was not a limiting resource for growth under natural conditions (Hoch 2015 , Körner 2015 . However, more pronounced seasonal variation, particularly driven by starch, may be expected in environments with greater asynchro-nies in supply and demand, as in the boreal zone (Martínez-Vilalta et al. 2016) . Overall, we observed total concentrations in individual organs of both trees and shrubs that were only weakly seasonal, with contributions from a highly dynamic starch pool as expected. We suggest that increasing sample sizes, sampling multiple organs including stemwood , and examining whole-plant total NSC pools by summing individual organ-level pools together would help to further resolve seasonal patterns of total NSCs and produce the predicted patterns of maximum total NSC storage.
To better understand (a) NSC dynamics in the context of source-sink relationships and (b) the responses of plants (e.g., growth) to global change, studies should focus on integrating the study of NSCs with measurements of physiology and phenology under both natural and experimental conditions. We conducted this study on vegetation that is directly adjacent to the Spruce and Peatland Responses Under Climatic and Environmental Change (SPRUCE) experiment, in which opentop chambers receive various levels of warming and elevated carbon dioxide (Hanson et al. 2017) . Future work at SPRUCE will combine the aforementioned measurements to explore whether these tree and shrub species are carbon limited.
Conclusions. In this study, we quantified the seasonal patterns of NSC reserves for four woody boreal species in the upper midwestern USA. We measured concentrations of sugars and starch in branches and roots of black spruce, an evergreen conifer, and eastern tamarack, a deciduous conifer, as well as branches and leaves of bog Labrador tea and leatherleaf, both evergreen broadleaf shrubs. In general, seasonal dynamics were dominated by changes in starch in both below-and aboveground organs, with species-specific traits contributing to storage differences.
Our data support the idea that species-specific traits influence NSC dynamics, highlighting the need to gain a comprehensive understanding of storage and allocation processes in various organs of diverse species across time and space to better predict the responses of woody boreal species to global change.
